Observation of correlations up to the micrometer scale in sliding charge-density waves 
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High-resolution coherent x-ray diffraction experiment has been performed on the charge density 
wave (CDW) system K0.3M0O3. The 2k f satellite reflection associated with the CDW has been 
measured with respect to external dc currents. In the sliding regime, the 2/cf satellite reflection 
displays secondary satellites along the chain axis which corresponds to correlations up to the mi- 
crometer scale. This super long range order is 1500 times larger than the CDW period itself. This 
new type of electronic correlation seems inherent to the collective dynamics of electrons in charge 
density wave systems. Several scenarios are discussed. 
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Ferroelectrics, magnetic systems, liquid crystals, spin 
and charge density waves may stabilize incommensurate 
structures with the underlying lattice[l|. In most cases, 
the stability of incommensurate modulations relies upon 
a coupling with the underlying lattice or intrinsic defects. 
The case of charge density waves is particular because 
the electronic modulation is mainly driven by the elec- 
tronic structure. The nesting of the Fermi surface stabi- 
lizes the modulation and the band filling fixes the wave 
vector of the modulation at twice the Fermi wave vec- 
tor which may be incommensurate. The K0.3M0O3 
blue bronze system, for example, stabilizes an incommen- 
surate Charge Density Wave (CDW) modulation at 2kp 
=0.748±0.001[2] along the chain axis. 

This incommensurate 2k p wave vector has a well- 
known consequence: the invariance by translation allows 
the electronic crystal to slide over the underlying lattice 
for currents greater than a threshold value. The signa- 
ture of this sliding motion has been mainly observed by 
transport measurements 0, 0]: a large broad band noise 
is observed, as well as periodic voltage oscillations yj la]. 

Observing the collective dynamics of electrons by clas- 
sical diffraction has always been a significant challenge. 
The task is difficult in CDW systems because the CDWs 
domains are usually larger than the micrometer scale and 
any translational motion does not change the diffraction 
pattern. Only few consequences of the sliding have been 
observed by using high-resolution x-ray diffraction, as 
for example, the loss of transverse coherence of CDWs 
domains [7[, the contraction of the CDW close to electri- 
cal contacts [H or its rotation around a step [9]. By using 
high-resolution and coherent x-ray diffraction, we show 
in this Letter a novel consequence of the sliding CDW 
and the incommensurate 2kp wave vector: a super long 
range order, up to the micrometer scale, appears in the 
sliding regime of the CDW. This observation, as well as 
an earlier one reported in [loj, became possible only by 




Pixels 



Pixels 



FIG. 1: 3D diffraction patterns of a) the Q s = (6,0.252,3.5) 
satellite and b) the (6,0,3) fundamental Bragg reflection for 
two current values at T=75K. Each isosurface has been fixed 
at I max/ 18 for the (6, 0, 3) and I m ax/7 for Q s . For clarity, the 
reflections with and without current have been shifted along 
b*. The total size of the boxes is 40* (50 = 10~ 3 degree) 
(vertical axis) by 50*60 pixels (horizontal plane). Each 3D 
acquisition lasted less than 15 mn. 2D patterns corresponding 
to integration of the fig la over the axis, without c) and with 
current d). The secondary satellites are indicated by arrows. 



using coherent micro diffraction. 

We have studied the blue bronze which is a classic 
CDW system. This is a quasi- ID structure, made of 
clusters of 10 M0O6 octahedra, forming chains along the 
[010] direction (b=7.56 A), and layers along the [102] di- 
rection. The reciprocal vector b* runs along the chains 
and 2a* — c* is perpendicular to the layers. Let u(r) = 
uocos(q c .r + 3>(r)) be the periodic lattice distortion in 
quadrature with the CDW, where q c = (1, 2fcp, 0.5) is 
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defined as the wave vector normal to the CDW wave 
fronts. At equilibrium, the CDW exhibits intrinsic de- 
fects like dislocations EH and displays its own vibra- 
tion modes 12, [l3j]. The dispersion curve of the CDW 
acoustic mode, the so-called phason mode, which is re- 
sponsible for the sliding motion of the CDW as a whole, 
has been measured by inelastic neutron scattering [12j. 

We used the same high quality single crystal as in 
our previous experiment [lOj. Its electrical resistance has 
been carefully measured before and after the experiment. 
In both cases, a pronounced decrease of the differential 
resistance was observed at the threshold current, accom- 
panied by a rapid increase of the broad band noise, which 
is a signature of the sliding state. The transition temper- 
ature (T C =180K) and the threshold current (7 s =1.2mA 
at 75K) remained unchanged after the experiment: x- 
rays did not alter the macroscopic CDW's properties. No 
heating effect under the x-ray beam has been observed. 

The coherent x-ray diffraction experiment has been 
performed at the ID01 beamline at the ESRF. The 
0.5x2x0. 2mm 3 sample was mounted in a top- loading 
Cryostat cooled down to 75K with He exchange gas. The 
sample was initially aligned with the b* axis vertical, 
and the 2a* — c* axis in the horizontal scattering plane. 
The patterns were recorded on a direct illuminated CCD 
camera (22/imx22/im pixel size) located 1.20m from the 
sample position. The beam quality and its transverse co- 
herence length were tested by closing the entrance slit at 
2\im x 2\im\ the expected cross-like diffraction pattern 
was observed with strong contrast of fringes Q. 

The degree of coherence can be estimated from the ex- 
perimental setup around 10% [Hj. The penetration depth 
was 18/im -1 and the footprint of the xray beam on the 
sample's surface was 45/im (the incident angle equals 
12.6°). In this study, the main interest of using a co- 
herent beam is the small beam size and the excellent 
Q-resolution. A resolution of 5q = 0.7 10 _4 A _1 along b* 
(i.e. 5q = 0.8 10 -4 in b* units.) was achieved at 7.5 keV 
(A = 1.65A) by using 10/im x 10/im entrance slits. 

The experiment consisted in recording the 2D diffrac- 
tion patterns of the Q s =(5, 1, 3)+q c satellite reflection, 
and the (6, 0, 3) fundamental Bragg peak, far from any 
electric contact. Both reflections have been measured 
successively after each current variation. Due to the ex- 
perimental geometry, the 2D reciprocal plane probed by 
the CCD at the satellite angle corresponds to the (b*,t*) 
plane, where t* is the direction tilted by 19.5° from the 
2a*-c* direction [l6| . Several CCD acquisitions have been 
recorded for different incident 6 angles, with 66 = 10 -3 
degree steps. This allows us to get the three dimensional 
intensity distribution of the reflections (see FigHj). In 
this way, the behavior of the 2k p reflection and the main 
Bragg reflection was observed with respect to external 
current, especially along the chain direction b* and the 
transverse direction 2a*-c*. In order to get more inten- 
sity, we have integrated the volume of the Fig 0] over the 
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FIG. 2: 2D diffraction patterns (30*40 pixels) of the 2k F 
reflection in the (2a* — c*;b*) plane for 1=0 mA (a), 1=12 I s 
(b) and 1=16 I s (c). The secondary satellites are indicated 
by arrows. Corresponding profiles along 2a* -c* in d) and b* 
in e). The profiles have been rescaled. 



axis. The corresponding 2D pattern is displayed with- 
out current in FigQJ and with current in FigQjL The 2D 
patterns shown in Figj2] correspond to a section of FigtU 
along the 2a* — c* direction through the 2kp reflection. 

First, the host lattice seems to be insensitive to the 
applied current: the (6,0,3) fundamental Bragg peak re- 
mains unchanged under the applied current within the 
experimental resolution (FigQJ)). On the other hand, 
the CDW modulation displays original features for large 
enough currents. Under current, a broadening of the 2kF 
reflection is observed along the 2a*-c* transverse direc- 
tion which corresponds to decreasing CDW correlation 
lengths from £ t = \.2\im at I=0mA, to £t = 0.6/im at 
1=12 I s and to & = 0.4/ira at 1=16 I s (FigEJi). The loss 
of the transverse order under external currents, along the 
softest direction of blue bronze [17j, has already been ob- 
served in several studies 0. 

The most striking feature appears along the b* direc- 
tion. Without current, the 2kp reflection displays a single 
peak, the width of which corresponds to the entrance slit 
aperture: the CDWs domain is larger than 10/im along 
b*. Above approximately 12 times the threshold current, 
the Q s satellite starts to broaden along b* (Fig 12b). This 
broadening increases continuously for larger currents. At 
a current 16 times larger than the threshold, several max- 
ima located at regular positions along b* are clearly 
distinguished from the 2kF reflection (see FigUJi). All 
of them display approximately the same width, slightly 
larger than the 2k f width without current. As shown 
in FigHJ these new intensity maxima correspond to well 
defined 3D peaks and will be called secondary satellite 
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reflection in the following. These secondary satellite re- 
flections are located at (6,0.252 ± nSq s ,3.b) with Sq s = 
4.9 1(T 4 b* units (see FigHttUJi, Eh and[2fe). The reduced 
wave vector Sq s leads to a period of L=2ir / 5q s = 1.5fjLm. 

We did not increase the current further for fear of 
destroying the electrical contacts. The appearance of 
secondary satellite reflections is reversible: after heat- 
ing up the sample above T c under zero field and cooling 
down to 75K again, the same diffration pattern has been 
observed [18]. These secondary satellite reflections were 
also observed in a second high quality crystal. Note the 
strong intensity of higher-order satellites and the asym- 
metry of the profile in Fig 12^0. FigQJl also displays an 
asymmetric diffuse intensity along the transverse direc- 
tion. This is surely due to inhomogeneities in the CDW 
current density within the probed volume. Those inho- 
mogeneities have been observed by transport measure- 
ments in the blue bronze @. We also noticed the absence 
of any speckle neither on the 2kp reflection nor on sec- 
ondary satellites, despite the coherence properties of our 
x-ray beam. This last point will be brought up later. 

Let us discuss the interpretation. First, the secondary 
satellites cannot be due to the fragmentation of CDW 
in isolated CDWs domains, 1.5 /im wide along b*. The 
truncation effect due to finite CDWs domain would lead 
to very weak satellites with respect to the main 2k f re- 
flection. It can not be explained either by the presence 
of a single CDW dislocation as it has been observed in 
blue bronze without current in 10]. Indeed, the distance 
between each fringe would be constant whatever the cur- 
rent and equal to the beam size, i.e. Sq = 2tt/ 10 fim = 
0.6 10 _4 A _1 . In addition, the main 2k f reflection should 
disappear because of the presence of the dislocation. The 
last two points are in contradiction with our measure- 
ment. Finally, phase shifts randomly distributed in the 
volume would lead to typical speckle patterns [lo[ and not 
to regular satellite reflections as observed in Figffli. Note 
also that purely dynamical phenomena, like phase slips, 
would only have a negligible effect on the 2k f reflection. 

We interpret the experimental data as due to a long 
range periodic structure which modulates the CDW state 
along b*. This super long range order is surprising since 
the period L is 1500 times larger than the CDW period 
along the chain direction (Xcdw ~ 4/3 b=10.08 A). To 
our knowledge, long range electronic correlations up to 
the micrometer scale have never been observed in elec- 
tronic systems. 

The existence of this super long range order is a direct 
consequence of the incommensurability of the 2kp wave 
vector and of the sliding motion of the electronic crys- 
tal. Several scenarios are briefly discussed here, based 
on static or dynamic phenomena: a soliton lattice, an 
ordering of CDW dislocations or a new vibration mode 
induced by sliding. 

The observed periodic sequence of satellites flanking 
the 2k f reflection displays a remarkably high and slowly 



decaying intensity. It signifies the appearance under cur- 
rent of non-harmonic periodic structure, modulating the 
CDW state along b*. An amplitude modulation of the 
CDW would yield symmetrical secondary satellite reflec- 
tions, that only structure factor or Debye- Waller effects 
could make asymmetric in intensity. On the other hand, 
a phase modulation would directly result in asymmet- 
ric secondary satellite reflections p], [2l[. This remark, 
along with the well-known fact that phase excitations 
cost much less energy that amplitude ones, lead us to 
consider this latter case in the following. 

Consider first a long range modulation provided by a 
static soliton lattice. In blue bronzes, the CDW wave 
vector (Q = 0.748b*) is close to 0.750b* corresponding 
to the quarterization along the chain. The actual crys- 
tallographic space group requires an 8-order commensu- 
rability (8q c is a fundamental Bragg reflection) which 
locks the CDW phase ip at multiples of 7r/4 via the en- 
ergy ~ — acos(8(/?)[22j]. Thus, the proximity to the com- 
mensurability point results in a lattice of discommensu- 
rations, or solitons with the phase increment Acp = 7r/4. 
The soliton lattice is characterized by the soliton size I 
and the distance between the solitons L. The single soli- 
ton size 1~ (C/a) 1 / 2 is then determined jointly by the 
energy a and the CDW longitudinal elastic modulus C. 
At low applied current the preexisting soliton lattice cor- 
responds to an almost sinusoidal phase, and manifests 
itself as the pure shift of the CDW peak without sec- 
ondary satellites. At higher applied currents however, 
a strong decrease of elastic modulus C (corresponding 
to a decreasing I) leads to non-harmonic modulation of 
the phase ip and to higher-order satellites at 2tt/L as in 
Fig 12^. The strong variation of C necessary to get a non- 
harmonic modulation could be due to a screening effect 
by free carriers. In any case, the existence of the soli- 
ton lattice allows the electronic crystal to approach the 
commensurate modulation. In this work however, we did 
not observed any clear shift of the 2k p reflection toward 
0.75b* under current. Note that this mechanism is based 
on the interaction between the CDW and the underlying 
lattice, without taking explicitly into account the pres- 
ence of extrinsic defects [25j. 

Another explanation of the secondary satellites could 
be the presence of an array of CDW edge-dislocations. A 
single CDW dislocation has already been observed in the 
bulk injnj. They can be formed below the surface due to 
the charge transfer or other types of stress near the sur- 
face. In the sliding state but for moderate electric field, 
the randomly distributed dislocations can be still pinned, 
leading to a mere change of the 2k p profiles [23]. At high 
electric fields, the CDW dislocations can be depinned and 
form a periodic structure. Correlated dislocations of the 
host lattice are known in crystals stressed by the epitax- 
ial layers (see for example [24]). The above model corre- 
sponds also to a non-harmonic modulation and leads to 
higher-order satellites and to an asymmetric profile. 



As already mentioned in the introduction, the sec- 
ondary satellites have been observed several times. We 
never observed speckles but smooth profiles, despite the 
coherence properties of our x-ray beam. The absence of 
any speckle is a strong indication that this phenomenon 
could also have a dynamic origin. The secondary satel- 
lites could be the consequence of the presence of a prop- 
agating mode, associated with the sliding of the conden- 
sate. An estimate of the frequency of the mode with- 
out current can be obtained by extrapolating, at 5q s , 
the phason dispersion curve measured by inelastic neu- 
tron scatter ing[12|. For Sq s = 4.9 10 -4 in b* units, one 
obtains frequencies in the GigaHertz range (15 GHz at 
175K and approximately 4 times larger at 75K), i.e. a 
particulary low frequency mode. In the sliding state, a 
softening of this phason mode at Sq s could explain the 
observed data since the diffracted intensity is inversely 
proportional to the frequency squared of the vibration 
mode. The origin of the very soft mode remains to be 
clarified. 

In conclusion, electronic correlations up to microme- 
ter scale are observed, along the chain axis, in the sliding 
regime of the blue bronze by using coherent x-ray diffrac- 
tion. However, the appearance of super long-range corre- 
lations induced by CDW motion is still difficult to under- 
stand. Several scenarios are presented, based on the or- 
dering of topological defects (solitons, edge-dislocations) 
or the softening of a phason mode. Additional exper- 
iments are necessary to clarify the origin of this phe- 
nomenon. 
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